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Abstract. Periapsis of the Pioneer Venus spacecraft 
dropped below 180 km on August 28, 1992 near midnight, 
and 42 orbits of low altitude data at moderately low solar 
activity in the pre-dawn sector were obtained before con- 
tact was lost to the spacecraft in October, 1992. Through 
a combination of analysis of data from the P V orbiter ion 
mass spectrometer (OIMS) and modeling, we consider here 
what can be learned about the relative importance of plasma 
transport from the dayside and electron precipitation in 
maintaining the nightside ionosphere during the re-entry pe- 
riod. In particular, we examine here the atomic ion density 
profiles. We compute the average peak density of O + as a 
function of solar zenith angle and determine what fluxes of 
atomic ions or precipitating electrons would be necessary to 
produce those values. We then compare model calculations 
of the ion densities to those observed during the re-entry pe- 
riod. We find that the low solar activity nightside ionosphere 
shows evidence of significant day-to-night plasma transport. 
INTRODUCTION 
The sources of the nightside ionosphere of Venus have 
been disputed over the last 15 years, but are now generally 
believed to be transport of atomic ions from the dayside 
and precipitation of electrons that have been observed in 
the umbra [e.g., Knudsen et al., 1980; $penner et al., 1981; 
Cravens et al., 1983; Gringauz et al., 1979]. The former 
appears to dominate at high solar activity, and the latter at 
low solar activity [e.g. Knudsen, 1988; Kliore et al., 1991]. 
Re-entry of the Pioneer Venus (PV) orbiter occurred last fall 
when solar activity was declining; the average value of F•0.? 
was 118 in September, 1992. During the first two years of 
the PV mission (1978-1980), when periapsis was maintained 
within the thermosphere-ionosphere, solar activity was near 
maximum. 
Foz [1992] has discussed the chemistry of the Venus night- 
side ionosphere for the case in which the ionization is main- 
tained by plasma transport from the dayside. Fluxes of the 
atomic ions O + C + and N + were imposed at the upper 
boundary of a neutral model that is based on data from the 
PV orbiter neutral mass spectrometer (ONMS) [Niernann 
et al., 1980; Hedin et al., 1983]. The relative fluxes of the 
ions were assumed to be those that were observed at high 
altitudes on the dayside, but the He + densities were taken 
from measured values [Taylor et al•-, 1980]. We showed, as 
have others, that the O + peak densities are approximately 
Copyright 1993 by the American Geophysical Union. 
Paper number 93GL02422 
0094- 8534/93/93GL-02422503.00 
proportional to the O + flux. The O• + peak density is, how- 
ever, proportional to the square root of the O + flux. At high 
solar activity, models that included only precipitation of the 
electrons that were observed at high altitudes on the night- 
side by the PV orbiter retarding potential analyzer (ORPA) 
[Knudsen and Miller, 1985] or the Venera 9 and 10 plasma 
analyzers [Gringauz et al., 1977] could not reproduce the 
large observed O + densities at high altitudes [Cravens et 
al., 1983; $penner et al., 1981; Foz et aL, 1992]. The ratio 
of the O + maximum to that of O• + theoretically could yield 
information about the sources of ionization [Foz, 1992], but 
during the first two years the spacecraft did not often pen- 
etrate to below the O• + peak, which was observed to be in 
the 140-145 km range by the PV orbiter radio occultation 
(ORO) measurements [Kliore et al., 1991]. 
There has also been some question about absolute normal- 
ization of the low altitude molecular ion densities m•asured 
by the OIMS. Miller et al. [1984] have suggested that the 
OIMS molecular ion densities near the ion peak at high solar 
activity are about twice the values measured by the ORPA. 
There is no evidence for such a problem with the atomic ion 
densities, which peak at higher altitudes. We have chosen 
here to examine the atomic ion density profiles measured 
by the OIMS to determine what can be inferred from them 
about the relative importance of electron precipitation and 
transport of plasma from the dayside in maintaining the 
nightside ionosphere at low solar activity. 
We determine here the average O + maximum density as a 
function of solar zenith angle over the dawn sector from PV 
OIMS re-entry data. Using the VTS3 model of the nightside 
thermosphere for F•0.•-' 118 (moderately low solar activity) 
from Hedin et al. [1983], we then determine the relationship 
between O + flux and O + peak density. Since re-entry oc- 
curred in the pre-dawn region of the ionosphere, where the 
densities of light neutrals and ions are observed to maxi- 
mize, we have expanded the model of Foz [1992] to include 
downward transport of He + as well. We derive an average 
downward flux over the solar zenith angle range that was 
sampled in the re-entry portion of the mission. Since the 
ionosphere may be maintained mostly or partly by electron 
precipitation, this flux should be considered an upper limit. 
Assuming that the precipitating electrons have an energy 
spectrum similar to that measured by Knudsen and Miller 
[1985], we determine the electron fluxes that would be neces- 
sary to produce the observed average O + maximum. These 
numbers are also upper limits. We compare the model iono- 
spheres for both plasma transport and electron precipita- 
tion. 
DATA ANX• CALCULATIONS 
We have computed the average ratios of C + , N + , and 
He + measured at high altitudes (180 to 250 km) by the 
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Table 1. Downward O + Flux on the Nightside 
of Venus Derived from Pioneer Venus O IMS Re-entry Data 
$ZA Range Average Meuured AVerage ' Average Average Computed 0 
(Degrees) O + Maximum C +/O + s N +/O + s He +/O + s Maximum 
Density (cm -s) Density (cm-S) 
110-120 1.0(3) • ' 0.12 O.1T 0.,59 i.5(3) 
0.3 
=.3(a) o.=a 0.3 




XRead as 1.0 x l0 s 
ZOne data point 
-Inferred 0 + 
Transport 
Flux (cm-2s -1 
SColumns labeled C+/O + , N +/O + and He +/O + are averages of the high altitude data (180-250 km). 
4Calculated for an O + transport flux of 1.0 x 10 • .cm-2s -x. 
O IMS for orbits 5014 to 5055 to determine the ratio of the for the region of the dawn sector that is covered by the 
atomic ion fluxes to impose at the upper boundaries ofthe measurements is 8.1 x l0 s cm -2 s -x . The calculation of 
models. The measured values were averaged in ten degree this average 'is based on the assumption that the day-to- 
solar zenith angle bins, and are presented in Table 1. The night ion fluxes depend only on solar zenith angle and not 
average ratios over the whole range of the solar zenith angles on latitude. Since the in situ data are all in the equatorial 
(weighted by area) for He +/O +, C +/O + , and N +/O + are region, this may not be a completely valid assumption. 
0.46, 0.19, and 0.23, respectively. Models were constructed The average O + flux for the first 600 PV orbits (high solar 
for each of the solar zenith angle bins; the latitude chosen activity) over a comparable area of the dawn sector is about 
was-10 ø, that appropriate to the re-entry period. Since the 8.1x10 r cm -2 s -x [Brannon and Foz, to be submitted]. This 
relationship between the O + flux and O + maximum for a value is smaller than the average over the whole nightside 
given model is approximately linear, (and the curve must at high solar activity, which is about 1.3 x l0 s cm -• s -x , 
pass through the origin), it is sufficient to compute the O + because the largest fluxes appear to be near the terminators, 
maximum for one flux in order to to determine the slope where there are no data for the re-entry period. Contact 
of the line. For each solar zenith angle, we have computed was lost with the spacecraft when periapsis was near 0430 
the maximum in the O + density profile for a downward O + 
flux of 1 x 10 ? cm -• S --1 ß Those values and the O + fluxes 
obtained by applying the linear relationship to the measured 
maxima are also shown in Table 1. When the solar zenith 
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Fig. 1. Model of the Venus nightside ionosphere produced 
by nightward transport of ions for 145 ø solar zenith angle 
in the pre-dawn sector. The downward O + flux imposed at 
the upper boundary of the model is the average computed 
from the measured values of the O + maxima for the re- 
entry data. The ratios of the fluxes of C +, N + , and He + 
were determined from the measured density ratios at high 
altitudes. 
local time. It appears, however, that the transport from the 
dayside is reduced by a factor of at least 10 from high to low 
solar activity. 
The average solar zenith angle for the re-entry data is 
about 145 ø. A model ionosphere was constructed for this 
solar zenith angle with a downward flux of O + of 8.1 x 106 
cm -• s -x , the average derived for the re-entry region. A 
more complete description of the plasma transport model 
can be found in Foz [1992]. The computed ion density pro- 
files are shown in Figure 1. The O + density peak in this 
model is 1.4 x l0 s cm -s at about 157 kin, and the O• + peak 
is about 6.5 x l0 s cm -s near 149 kin. Because of the proba- 
ble presence of electron precipitation, the ion fluxes inferred 
here should be considered upper limits. 
It is also possible that the ionization is maintained by elec- 
tron precipitation. Assuming that the energy distribution of 
the precipitating electrons is the same as the spectrum mea- 
sured by Knudsen and Miller [1985] at high altitudes in the 
wake at high solar activity, we have computed also an auro- 
ral model ionosphere. We have imposed downward fluxes of 
electrons at the top of the same neutral model that we used 
for the plasma transport case. The energy degradation of 
10000 the precipitating electrons is computed using a multi-stream 
electron transport code developed by Porter et al. [1987]. 
Electron-impact ionization of CO•, N2, CO, O, He, C, and 
N are included. The cross sections used are referenced in 
Foz and Dalgarno [1979], Foz [1982; 1992], and Porter et al. 
[1987]. The production rates are shown in Figure 2. 
We have determined the electron fluxes necessary to pro- 
duce the observed average O + maximum for this model, and 
found that about 51% of the downward traveling portion of 
the spectrum measured by Knudsen and Miller [1985] pro- 
BRANNON ET AL., VENUS DAY. TO-NIGHT ION TRANSPORT 2741 
140 140 
I I IIIII1 _ 
- . • Nz +, CO + - 
• • )) 0 + • - 
III - 
.0001 .001 .01 .1 I 10 100 
Ionization Rates (cm -3 sec -•) 
Fig. 2. Production rates of ions due to auroral precipitation 
for the same neutral model atmosphere as in Fig. 1. The 
spectrum of precipitating electrons was chosen to be that 
measured by Knudsen and Miller [1985], and the magnitude 
(51% of the downward traveling portion of the spectrum) 
was chosen to reproduce the measured O + maximum. 
duces the observed value of 1.4 x l0 s cm -s near 155 kin. The 
computed ion density profiles for this model are shown in 
Figure 3. The maximum O• + density is about 9.4 x l0 s cm -s 
near 144 km, and, surprisingly, O• + is the major ion at all 
altitudes below 235 krn. An examination of the re-entry 
data suggests that that is the case for only about one-fourth 
of the orbits. The peak densities of the atomic ions He + , 
C + , and N + are all quite small, about 11, 21, and 19 cm -•, 
respectively. The ratios of He +/O + , C +/O + , and N +/O + 
at 220 km are 0.007, 0.0!1, and 0.014, respectively. These 
values are less than the averages obtained from the data by 
factors of 17 and 16, for C + and N +, respectively, and by a 
factor of 65 for He + . 
DISCUSSION AND CONCLUSIONS 
Foz and Taylor [lggo] suggested that, because N• + and 
CO + are difficult to produce chemically, large values of 
mass-28 ion densities are evidence for significant electron 
precipitation. Kar et al. [1993] have examined the re-entry 
data, and presented evidence from the measured mass-28 ion 
densities that a significant amount of electron precipitation 
is occurring at low solar activity. The mass-28 ion densities 
in some of the re-entry orbits are quite large. The presence 
of precipitation would mean that the ion fluxes that we have 
assumed in our ion transport model are too large. Indeed, 
the He + peak density for the transport model is larger than 
the average measured value (about 90 cm -•) by about • 
factor of 7. 
We have also found, however, that the auroral model, 
which was designed to reproduce the measured O + densi- 
ties, does not fit the other atomic ions very well at all. The 
He + maximum is smaller than the measured values by a 
factor of about 8. The transport model does fit the atomic 
ion densities at high altitudes, because it was designed to 
do so. In contrast, the auroral model could not be made 
to fit the data. Increasing the precipitating electron fluxes 
will increase the densities of all the atomic ions, but will 
not alter their ratios substantially. Moreover, the electron 
flux required here to reproduce the measured O + maximum 
1 10 100 1000 10000 
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Fig. 3. Computed ion density profiles for the auroral model. 
The ion production rates for this model are shown in Fig. 
2. 
density is more than was found necessary to produce the 
atomic oxygen 1304 and 1356 .• auroral emissions observed 
at high solar activity by the PV orbiter ultraviolet spec- 
trometer [For and Stewart, 1991]. In addition, the auroral 
intensities were observed to decrease markedly during solar 
minimum [A. L F. Stewart, private communication]. 
The neutral model is a potentially significant source of 
uncertainty here. The C densities were computed within the 
model, and their is a sizeable chance that the actual densities 
are substantially different from the computed ones. The N 
and He densities were taken from the VTS3 model of Hedin 
et al. [1983], which, while it is does predict densities for 
low solar activity, is based on high solar activity data. That 
model will probably be modified with the inclusion of the 
re-entry data. A glance at the re-entry data from the ONMS 
suggests that the He densities may be larger than predicted, 
but the difference should not be more than a factor of about 
two. 
It has been suggested that the day-to-night transport of 
ions is cut off at low solar activity [Knudsen, 1988; Kliore et 
al., 1991]. Cravens et al. [1985] showed that the nightward 
flux depends on a large supply of ions on the dayside, which, 
at high solar activity, is evidenced by a high ionopause. It 
has been assumed that at low solar activity, the decreased 
solar flux would lead to dayside ion densities that are too 
low for efficient transport. Nonetheless, the observed He + 
densities cannot be reproduced by the electron precipitation 
model. Therefore, we have come to the conclusion that, 
contrary to the prevailing wisdom, there are significant day- 
to-night fluxes of ions, at least in the pre-dawn bulge region, 
even at low solar activity. 
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